We have determined the nucleotide sequence of the gene encoding thermostable L-2-halo acid dehalogenase (L-DEX) from the 2-chloroacrylate-utilizable bacterium Pseudomonas sp. strain YL. The open reading frame consists of 696 nucleotides corresponding to 232 amino acid residues. The protein molecular weight was estimated to be 26,179, which was in good agreement with the subunit molecular weight of the enzyme. The gene was efficiently expressed in the recombinant Escherichia coli cells: the amount of L-DEX corresponds to about 49% of the total soluble proteins. The predicted amino acid sequence showed a high level of similarity to those of L-DEXs from other bacterial strains and haloacetate dehalogenase H-2 from Moraxella sp. strain B (38 to 57% identity) but a very low level of similarity to those of haloacetate dehalogenase H-1 from Morarella sp. strain B (10%) and haloalkane dehalogenase from Xanthobacter autotrophicus GJ10 (12%). By searching the protein amino acid sequence database, we found two E. coli hypothetical proteins similar to the Pseudomonas sp. strain YL L-DEX (21 to 22%).
Various halogenated organic compounds have been synthesized and are now used as pesticides, herbicides, solvents, and so on in a large scale. Several halogen compounds such as polychlorinated biphenyls (PCBs), 1,1,1-trichloro-2-bis(chlorophenyl)ethane (DDT), and 1,1,1-trichloroethane have accumulated in the environment and cause environmental pollution.
Various enzymes involved in the degradation of halogenated compounds have been found, purified, and characterized. They are categorized into reductive, oxygenative, and hydrolytic dehalogenases (15, 31, 32) . 2-Halo acid dehalogenases (DEXs) catalyze the hydrolytic dehalogenation of 2-halo acids and are further classified into four groups based on their stereospecificities. L-DEX acts on L-2-halo acids to give D-2-hydroxy acids (16, 18) . D-DEX catalyzes the conversion of D-2-halo acids into L-2-hydroxy acids (27) . There are two different types of DLDEXs, which act on both L-and D-2-halo acids: one catalyzes the dehalogenation of L-and D-2-halo acids with retention of the C2-configuration of the substrates, and the other catalyzes the dehalogenation of L-and D-2-halo acids with inversion of the configuration (14, 16, 19, 30) . Haloacetate dehalogenases specifically act on haloacetates to produce glycolate (10) and are classified into two groups: one can act on fluoroacetate and the other does not. Haloalkane dehalogenase catalyzes the hydrolytic dehalogenation of haloalkanes such as 1,2-dichloroethane to produce the corresponding alcohols (13) .
As described previously, we isolated a 2-chloroacrylateutilizing bacterium, Pseudomonas sp. strain YL, from soil, and we found that the organism produces two kinds of 2-halo acid dehalogenases (16) . One is thermostable L-DEX, and the other is DL-DEX, which catalyzes the dehalogenation with inversion of the C2-configuration. L-DEX and DL-DEX are produced inducibly by 2-chloropropionate and 2-chloroacrylate, respectively.
Although primary structures of several types of the enzymes catalyzing hydrolytic dehalogenation have been determined, their structural similarity and evolutionary relationship have not been shown in detail (2, 8, 9, 11, 12, 20, 25, 28) . In this study, we determined the primary structure of thermostable L-DEX from Pseudomonas sp. strain YL and compared the structure with those of other dehalogenases. We found two hypothetical proteins from Escherichia coli showing amino acid sequence similarity to L-DEX as well.
MATERUILS AND METHODS
Bacterial strains, plasmids, and culture conditions. Pseudomonas sp. strain YL was used as the source of chromosomal DNA (5) . E. coli JM109 was used as a host strain for gene cloning and plasmid construction. Plasmid pUC19 was used as a cloning vector. Pseudomonas sp. strain YL was grown in a 2-chloropropionate medium as described in the previous paper (5) . Recombinant E. coli cells were cultivated at 37°C in Luria-Bertani (LB) medium (1% polypeptone, 0.5% yeast extract, 1% NaCl, pH 7.5) containing 100 ,ug of ampicillin per ml. For induction of the gene under the control of the lac promoter, 1 mM isopropyl-l-thio-13-D-galactoside (IPTG) was added to the LB medium. To select the recombinant cells harboring pUC19 with inserted DNA, 0.01% (wt/vol) 5-bromo-4-chloro-3-indolyl-f-D-galactoside (X-Gal) was added to the LB agar (1.5% [ (6) . The phylogeny is produced by applying the neighborhood-joining method of Saitou and Nei to the distance and alignment data (23) .
Enzyme and protein assay. Dehalogenase was assayed with 2-chloropropionate as a substrate. The chloride ions released were measured spectrophotometrically according to the method of Iwasaki et al. (7) . One unit of the enzyme was defined as the amount of the enzyme that catalyzes the dehalogenation of 1 ,umol of substrate per min. Protein assay was done with a Bio-Rad protein assay kit.
RESULTS
Cloning of the L-DEX gene. We obtained six recombinant E. coli clones grown on bromoacetate plates from about 7,000 transformants. We confirmed that all of them catalyze the hydrolytic dehalogenation of L-2-chloropropionate to produce D-lactate, which was determined spectrophotometrically with D-lactate dehydrogenase. Although Pseudomonas sp. strain YL produces not only L-DEX but also DL-DEX (16), we could obtain no clones producing DL-DEX. One of the clones showing the highest L-DEX activity was characterized.
The plasmid (pUDEX1) in this clone contained a 6.8-kbp insert. The derivative plasmids were prepared as described in Materials and Methods, and L-DEX activities of the transformants were measured (Fig. 1) . Accordingly, the L-DEX gene (1- (16) .
Overexpression of L-DEX. pBA5, whose insert DNA contains both the coding region for L-DEX and its upstream region (159 bp), was introduced into E. coli JM109. As shown in Table 1 , the recombinant cells produced a large amount of L-DEX. Judging from the specific activity of the crude extract, L-DEX comprises about 49% of the total soluble proteins. The protein was produced not only in the presence, but also Comparison with other dehalogenases. The amino acid sequence of L-DEX from Pseudomonas sp. strain YL (L-DEX YL) was compared with those of other dehalogenases (Fig.  3A) . It shows extensive similarity to the sequences of six L-DEXs from other bacterial strains. The percentage of amino acid residues of L-DEX YL which coincide with those of other L-DEXs are as follows: Pseudomonasputida no. 109 (11), 57%; Pseudomonas putida AJ1 (9), 56%; Pseudomonas sp. strain CBS3 (25), 38% (DehCI) and 53% (DehCII); Xanthobacter autotrophicus GJ10 (28), 44%; and Pseudomonas cepacia MBA4 (20) , 39%. The amino acid sequence of L-DEX YL also shows a high level of similarity to that of haloacetate dehalogenase H-2 from Moraxella sp. strain B (12): 51% amino acid residues of L-DEX YL were identical. Four highly conserved regions were found in these dehalogenases: 9-23, 41-58, 116-121, and 173-181 (the numbers indicate the position in the consensus sequence).
We also compared the sequence of L-DEX YL with those of haloalkane dehalogenase from X autotrophicus GJ10 (8), haloacetate dehalogenase H-1 from Moraxella sp. strain B acting on fluoroacetate (12) , and D-DEX from P. putida AM (2) . The similarity with these dehalogenases is as follows: haloalkane dehalogenase, 12%; haloacetate dehalogenase H-1, 10%; and D-DEX, 19%. The similarity of the sequence of L-DEX YL to those of these dehalogenases is much lower than that to L-DEXs from other bacterial strains. Among these different types of dehalogenases, haloalkane dehalogenase and haloacetate dehalogenase H-1 show the highest similarity to each other: 20% of amino acid residues of haloalkane dehalogenase were identical to those of haloacetate dehalogenase H-1.
Sequence homology with other proteins. We found two hypothetical proteins from E. coli showing similarity to L-DEX YL by searching the protein amino acid sequence databases PIR and Swiss-Prot by means of the sequence similarity searching program, FASTA (21) . They are a hypothetical 27.1-kDa protein in the xerC-uvrD intergenic region (orf238) (3, 4) and a hypothetical 27.4-kDa protein in the trpS-dam intergenic region (17) . The functions of these hypothetical proteins are unknown. Figure 3B hydrolytic cleavage of halogen-carbon bond and related proteins was constructed by the Clustal V method (6) (Fig. 4) 
.A. The reaction mechanism of haloalkane dehalogenase was proposed based on its tertiary structure: Asp-124 is involved in the reaction as a nucleophile to react with the a-carbon of haloalkanes (29) . An aspartic acid residue is found at the corresponding position in haloacetate dehalogenase H-1 from Moraxella sp. strain B but not in the enzymes of the L-DEX family. An aspartyl residue(s) at other positions or other amino acid residues must be involved in the catalytic reaction of L-DEXs. We showed previously that the L-DEX YL is inactivated by modification of carboxyl groups (16) . Six acidic amino acid residues are conserved in L-DEXs (Fig. 3A , asterisks), and one of them might be involved in the enzyme reaction as a nucleophile to react with the a-carbon of halo acids. Several L-DEXs are sensitive to thiol reagents, but no cysteinyl residues were conserved in the amino acid sequences of the enzymes of L-DEX family (Fig. 3A) . Accordingly, cysteine residues are not probably involved in the L-DEX reaction.
Since the substrates of dehalogenases are artificial compounds, these enzymes probably appeared in the organisms in the near past. It is reported that 4-chlorobenzoate dehalogenase is related to enoyl-CoA hydratase, and these enzymes are supposed to share a common ancestral gene (1) . However, no information on the molecular evolution of the enzymes of L-DEX family has been available. Although no functional proteins in the PIR and Swiss-Prot databases were similar to L-DEX, we found two hypothetical proteins ofE. coli showing similarity to L-DEX (Fig. 3B) . The genes encoding these proteins and L-DEXs are probably diverged from a common ancestral gene (Fig. 4) . They will give us some clue to elucidate the molecular evolution of L-DEX.
